Triplex-forming oligonucleotides (TFO) that bind DNA in a sequence-speci®c manner might be used as selective repressors of gene expression and gene-targeted therapeutics. However, many factors, including instability of triple helical complexes in cells, limit the ef®cacy of this approach. In the present study, we tested whether covalent linkage of a TFO to daunomycin, which is a potent DNA-intercalating agent and anticancer drug, could increase stability of the triple helix and activity of the oligonucleotide in cells. The 11mer daunomycin-conjugated GT (dauno-GT11) TFO targeted a sequence upstream of the P2 promoter, a site known to be critical for transcription of the c-myc gene. Band-shift assays showed that the dauno-GT11 formed triplex DNA with enhanced stability compared to the unmodi®ed TFO. Band shift and footprinting experiments demonstrated that binding of dauno-GT11 was highly sequence-speci®c with exclusive binding to the 11 bp target site in the c-myc promoter. The daunomycin-conjugated TFO inhibited transcription in vitro and reduced c-myc promoter activity in prostate and breast cancer cells. The daunomycin-conjugated TFO was taken up by cells with a distinctive intracellular distribution compared to free daunomycin. However, cationic lipid-mediated delivery was required for enhanced cellular uptake, nuclear localization and biological activity of the TFO in cells. Dauno-GT11 reduced transcription of the endogenous c-myc gene in cells, but did not affect expression of non-target genes, such as ets-1 and ets-2, which contained very similar target sequences in their promoters. Daunomycin-conjugated control oligonucleotides unable to form triplex DNA with the target sequence did not have any effect in these assays, indicating that daunomycin was not directly responsible for the activity of daunomycin-conjugated TFO. Thus, attachment of daunomycin resulted in increased triplex stability and biological activity of the 11mer GT-rich TFO without compromising its speci®city. These results encourage further testing of this approach to develop novel antigene therapeutics.
INTRODUCTION
Triplex-forming oligonucleotides (TFOs) that bind DNA in a sequence-speci®c manner may provide an effective way to modulate selectively gene expression via transcriptional repression, mutagenesis and recombination (1±3) This strategy has proven to be successful in various experimental models, including living cells and animals, and may provide the means for designing novel gene-targeted therapeutics (4) . Binding of a TFO requires the presence of a relatively long and uninterrupted homopurine:homopyrimidine tract in DNA to ensure optimal stability and speci®city of the triple helical complex (1±3). The TFO forms Hoogsteen or reverse Hoogsteen hydrogen bonds with the purine-rich strand of the duplex DNA (5, 6) . Purine-rich (GA) and mixed purine/ pyrimidine (GT) TFOs bind preferentially antiparallel to the purine-rich strand, while pyrimidine-rich (CT) TFOs bind parallel. In both parallel and antiparallel triplex motif, the TFO is located in the major groove of the double helix. GA and GT TFOs form stable triplexes at physiological pH, whereas the ability of CT TFOs to form stable triplexes at neutral pH is severely limited (7) . Studies in cell-free systems have shown that under optimal conditions (i.e. presence of Mg 2+ , appropriate pH and limited concentrations of monovalent cations), TFOs bind to homopurine sequences with dissociation constants (K d ) in the nanomolar range (8, 9) . In addition, triplex DNA, once formed, can be quite stable in vitro with half-lives of several hours or even days (9±13). The low K d values and high stability allow TFOs to compete effectively with proteins, such as transcription regulatory factors, for binding to DNA and inhibit transcription in cell-free systems (9, 14, 15) . However, various factors may limit the activity of TFOs in cells. Intracellular degradation of the oligonucleotide, sub-optimal ionic and pH conditions, insuf®cient nuclear accumulation and limited accessibility of the target site can prevent triplex formation (2, 16, 17) . Once binding has occurred, changes in DNA and chromatin dynamics and the intracellular environment may lead to dissociation of the triple helical complex. DNA unwinding associated with replication and transcription as well as DNA repair may displace the TFO bound to DNA (18±29). Therefore, in addition to its intrinsic triplex-forming ability, the residence time of a TFO on the target is a critical factor determining the extent and duration of its biological effects. Accordingly, any approach designed to increase the half-life of the triplex DNA in physiological conditions is likely to increase the biological activity of a TFO. Direct chemical modi®cation of TFOs by attachment of DNA-intercalating agents has been used to enhance triplex stability and increase ef®cacy (1, 2) . Non-sequence-speci®c DNA intercalators, such as acridine and psoralen derivatives, attached to the 5¢ or 3¢ ends of a TFO intercalate preferentially at duplex±triplex junctions and greatly stabilize the triple helix (30±36). The presence of the intercalator does not compromise the speci®city of the TFO, since binding site recognition by acridine-and psoralen-conjugated TFOs has been shown to be determined by the oligonucleotide sequence. Furthermore, triplex-speci®c effects have been observed with intercalatorconjugated TFOs both in vitro and in cells (26,37±42) .
In the present study, we took advantage of the unique DNAintercalating properties of anthracycline derivatives to synthesize a modi®ed TFO that could bind with high af®nity and stability to a sequence in the promoter of the human c-myc gene (Fig. 1) . Anthracyclines, such as daunomycin, are among the most commonly used and effective anticancer drugs. These compounds are well characterized DNA binding agents with estimated K d values in the range of 10 ±6 ±10 ±7 M (43, 44) . Anthracyclines consist of two major structural elements, which are both involved in DNA binding: an aromatic aglycone chromophore or anthraquinone and the amino sugar daunosamine (44) . The four-ring structure of the anthraquinone intercalates in duplex DNA with the long axis nearly perpendicular to the long axis of the base pairs adjacent to the intercalation site (43) . This mode of intercalation is typical of the anthracyclines and is unlike the binding of other compounds, such as acridine and actinomycin, which bind parallel to the base pairs. Once intercalated in DNA, ring D of the anthraquinone protrudes into the major groove of the double helix, while ring A reaches out into the minor groove (43) . The amino sugar, which is linked to ring A of the anthraquinone, interacts with groups in the minor groove, thus serving as an anchor that stabilizes the anthracycline±DNA complex (44) . In a previous study, Garbesi et al. showed that attachment of daunomycin to the 5¢ end of a 12mer CT TFO (TTTCTTCTTCTT) led to a signi®cant increase in the af®nity of the conjugated compared to the unmodi®ed TFO (45) . The daunomycin-conjugated TFO appeared to bind DNA simultaneously via triplex formation in the major groove, intercalation of the anthraquinone moiety at the duplex± triplex junction and binding of the amino sugar in the minor groove. These results were quite promising. However, it remained to be established whether this approach would work with TFOs binding in antiparallel orientation and at physiological pH and temperature. Ultimately, it needed to be determined whether conjugation with daunomycin resulted in enhanced biological activity of the TFOs, while retaining speci®city.
We have investigated the triplex-based approach as a means to downregulate expression of oncogenes, such as c-myc, in cancer cells. The c-myc gene is ampli®ed, translocated and over-expressed in many cancers (46±49). Reducing expression of c-myc is suf®cient to cause growth arrest and cell death in cancer cells, and tumor regression in mice (50±53). Therefore, compounds able to interfere with expression and function of this gene may have therapeutic applications. TFOs directed to regulatory sequences in the c-myc gene have been shown to inhibit transcription factor binding and transcription in vitro as well as promoter activity and gene expression in cells (54±58). We found previously that GT-rich TFOs directed to a sequence near the P2 promoter were particularly effective in inhibiting c-myc expression in cancer cells (59, 60) . In the attempt to increase the activity of TFOs by enhancing triplex stability, we have synthesized a daunomycin-conjugated GT TFO targeting this site in the c-myc promoter. The objective of the present study was to evaluate binding af®nity, speci®city and biological activity of the daunomycin-conjugated TFO. The antiparallel GT TFO covalently linked to daunomycin formed a stable and sequence-speci®c triple helical complex with duplex DNA. The daunomycin-conjugated TFO inhibited transcription in vitro, reduced c-myc promoter activity, and downregulated endogenous c-myc gene expression in cells. Daunomycin did not affect sequence-speci®city of the TFO and was not directly responsible for the biological effects of the conjugated TFO. Daunomycin-conjugated control oligonucleotides unable to form triplex DNA with the target sequence did not have any effect in these assays, while the daunomycin-conjugated TFO did not inhibit expression of genes, such as ets-1 and ets-2, which had sequences similar to the c-myc target in their promoters. Thus, attachment of daunomycin resulted in increased triplex stability and biological activity of the GT-rich TFO, without apparently compromising its speci®city. These studies reveal interesting properties of daunomycin-conjugated TFOs, which may represent a new class of gene-targeting agents. Furthermore, our results encourage investigation of this approach for development of novel antigene-based cancer therapeutics.
MATERIALS AND METHODS

Oligonucleotide synthesis
Daunomycin-conjugated oligonucleotides GT11 and CO11, with a hexamethylene bridge connecting the 5¢ end of the oligonucleotide to the O-4 position in the D ring of the anthraquinone, were synthesized according to a previously described procedure with the following modi®cations (45) . An iodoalkyl derivative of daunomycin was initially prepared with the amino group of daunomycin protected as tri¯uoro-acetate. Synthesis of the daunomycin-conjugated oligonucleotides was then accomplished by reaction of the iodoalkyl derivative of daunomycin with phosphodiester oligonucleotides carrying a 5¢ thiophosphate group. After extraction of the excess of iodoalkyl derivative, the tri¯uoro-acetyl protecting group was removed from the amino group of the daunomycin by mild basic hydrolysis. The daunomycinconjugated oligonucleotides were then puri®ed by reversephase HPLC. The structure of dauno-GT11 was con®rmed by ESI HPLC-MS. Oligonucleotides were also modi®ed at the 3¢ end by addition of a propanediol tail to increase resistance to 3¢-5¢ exonucleases (61) . In agreement with the previous data (61), we observed by HPLC that more than 85% of daunomycin-conjugated TFO was intact following 24 h incubation in complete culture medium. All other phospho- Oligonucleotides were modi®ed at the 3¢ end with a propanediol tail and linked at the 5¢ end to the ring D of the anthraquinone via a hexamethylene bridge. The three domains of the daunomycin-conjugated oligonucleotide are expected to bind by triplex formation in the major groove (oligonucleotide), minor groove binding (amino sugar) and intercalation at the duplex-triplex junction (anthraquinone), respectively. diester oligonucleotides were purchased from Genset. The daunomycin-conjugated control oligonucleotide GT11C (dauno-GT11C), in which the GT11 sequence was linked to the amino sugar of daunomycin, was synthesized as described previously (45) .
Electrophoresis mobility shift assay
Oligonucleotides corresponding to the pyrimidine strand of the c-myc target sequence were 5¢ end-labeled with [g-32 P]ATP and then annealed with the complementary purine strand to form duplex DNA (59) . Samples containing 1 nM of radiolabeled duplex DNA target were incubated with TFO or control oligonucleotide in 90 mM Tris-borate (pH 8.0) and 10 mM MgCl 2 (TBM buffer). Prior to addition to the binding reactions, TFO and control oligonucleotide were heated at 65°C to reduce self-aggregation. In all the experiments binding reactions were incubated at 37°C for 18 h. Binding was then analyzed by gel electrophoresis under non-denaturing conditions using TBM as running buffer and maintaining the gel temperature at 20, 37 or 10°C as indicated in ®gure legends (59) .
Dimethyl sulfate footprinting
A 339 bp fragment of the c-myc gene containing the TFO target sequence was isolated and radiolabeled as described previously (60) . The 32 P-end-labeled c-myc fragment was incubated with TFO or control oligonucleotide for 18 h at 37°C in TBM buffer. Samples were treated with 0.5% dimethyl sulfate (DMS) for 3 min at room temperature and then incubated with piperidine at 95°C for 30 min as previously described (62) . Samples were analyzed by electrophoresis on a 10% polyacrylamide sequencing gel using radiolabeled 100 bp DNA ladder (Promega) as size marker (60) . Sequencing of the 339 bp fragment was done using the SequiTherm Cycle sequencing system as described (60) .
Luciferase reporter gene constructs pGL3-Myc reporter plasmids, in which the ®re¯y luciferase gene was under control of regulatory elements of the c-myc gene, were derived from the pHSR-1 plasmid that contained a genomic insert of the gene (59) . A 3507 bp fragment was ®rst excised from pHSR-1 using HindIII and XbaI and subcloned into pGL3 basic vector (Promega) to generate the p3507-Myc plasmid. An 849 bp RsrII±XbaI fragment, downstream of the c-myc P2 promoter, was then excised from p3507-Myc using HindIII and RsrII. The resulting p2658-Myc plasmid was digested with KpnI or MluI and XhoI, then religated to give p1388-and p262-Myc reporter plasmids, respectively. The P1 promoter region, upstream of P2, was retained in p1388-Myc, but excised from p262-Myc. Plasmids used for transfections into cells were purifed using the Qiagen Maxiprep kit (Qiagen, Valencia, CA).
In vitro transcription assay
The in vitro transcription assays were performed using the HeLa Scribe Nuclear Extract Transcription System (Promega) and the p1388-Myc, p262 or pGL3control plasmid (Promega) as template. Each plasmid (250 ng/sample) was incubated without or with TFO and control oligonucleotide for 18 h at 37°C in a buffer consisting of 20 mM HEPES, pH 7.2 and 10 mM MgCl 2 . HeLa cell nuclear extract, rNTPs and 1Q transcription assay buffer (Promega) were then added to the binding reactions and the samples incubated at 30°C for 1 h. Samples were subjected to phenol/chloroform extraction and ethanol precipitation. The 1.2 kb kanamycin positive control RNA (Promega) was added as an internal control to monitor sample recovery throughout the procedure. RNA pellets were dissolved in nuclease-free water. To detect the RNA transcripts generated from the P2 promoter, samples were subjected to primer extension using the Primer Extension System with AMV Reverse Transcriptase and 32 Pend-labeled GL2 primer (Promega). Primer extension products were analyzed by electrophoresis on denaturating polyacrylamide gels containing 8% acrylamide, 7 M urea and 1Q TBE buffer.
Cellular uptake of daunomycin-conjugated oligonucleotide
Human prostate cancer (DU145) and breast cancer (MCF-7 and MDA-MB-231) cells were grown in RPMI-1640 and DMEM medium, respectively, supplemented with 10% heatinactivated fetal bovine serum (Life Technologies) under standard conditions. Daunomycin (Sigma) was dissolved in sterile water and stored at ±20°C. Cells were plated in 6 well plates at 1.5±3 Q 10 5 cells/well, grown overnight and then were incubated with daunomycin and dauno-GT11. Cells were washed three times with OptiMEM (Gibco-BRL) and then kept in 2 ml of OptiMEM. Live cells were examined by phasecontrast and¯uorescence microscopy (63) . Digital images were captured using Image Pro software. For¯ow cytometry, cells were plated and incubated with daunomycin and dauno-GT11 as described above. At the indicated times, cells were washed three times with OptiMEM before harvesting by trypsinization. Cells were recovered by centrifugation, washed once with PBS, and then analyzed using a FACSCalibur (Becton Dickinson) equipped with a 488 nm argon laser. Fluorescence emission was measured using a 575/42 nm bandpass ®lter. Data were analyzed using Cell Quest software. In additional experiments, uptake of dauno-GT11 was examined with or without delivery of the TFO with cationic lipids (DOTAP; Roche). Cellular uptake and intracellular distribution were assessed by¯ow cytometry and¯uorescence microscopy as described above.
Luciferase reporter assay
Cells were plated in 96 well plates at a density of 8±10 Q 10 3 cells/well and grown for 24 h prior to transfection. Cells were transfected with 100 ng of pGL3-Myc reporter vectors, 50 ng of pRL-TK or pRL-SV40 (Promega) control vector and various concentrations of oligonucleotides using the transfection reagent DOTAP. pGL3-Myc and control plasmids were mixed with TFO or control oligonucleotide in 20 mM HEPES, pH 7.2, and incubated in the presence of DOTAP at a mass ratio of 5:1 (DOTAP:DNA) for 15 min at room temperature (64) . The DOTAP/DNA complexes were diluted in serum-containing medium and added to the cells (100 ml/ well). After 6 h, the transfection medium was removed and replaced with fresh medium. Cells were harvested 24 h later. Fire¯y and Renilla luciferase activities were measured in cell extracts using the Dual-luciferase assay system (Promega) according to the manufacturer's instructions. Either the pRL-TK or pRL-SV40 control vectors were used to monitor RNA and protein analysis DU145 cells were seeded in 6 well plates at a density of 7 Q 10 4 cells/well and transfected 24 h later with TFO or control oligonucleotide using DOTAP as described above. Total RNA was extracted from control and TFO-treated cells after 24 h using Trizol (Invitrogen). RNA concentrations were determined by spectrophotometry. RT±PCR was performed using the SuperScript One Step RT±PCR system (Invitrogen) and optimized conditions as described previously (64) . Forward and reverse primers for c-myc were 5¢-GGTCTTCCCC-TACCCTCTCAACGA-3¢ and 5¢-GGCAGCAGGATAGT-CCTTCCGAGT-3¢, respectively, which ampli®ed a fragment of 386 bp. Primers for b-actin were 5¢-AAGAGAGG-CATCCTCACCCT-3¢ and 5¢-TACATGGCTGGGGTGTT-GAA-3¢ and ampli®ed a fragment of 218 bp. RNA (100 ng) was reverse-transcribed for 30 min at 50°C and then subjected to 26 cycles of PCR (94°C, 15 s; 55°C, 30 s; 72°C, 15 s). Samples were analyzed on 2% agarose gels and quanti®ed using the AlphaImager and AlphaEase software (AlphaInnotech, San Leandro, CA). To determine protein content, cells were transfected with TFO and control oligonucleotides as indicated above. After 24 h cells were harvested and the level of selected proteins was examined by western blot as described previously (60) . c-myc, ets-1, ets-2 and a-tubulin antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA) and peroxidase-conjugated secondary antibodies from Amersham (Piscataway, NJ).
RESULTS
Selection of target site and design of daunomycinconjugated TFOs
The selected target site is within a region that is highly conserved and known to regulate the activity of the P2 promoter of the c-myc gene (Fig. 1A) . The P2 promoter is the major transcription initiation site in the c-myc gene, giving rise to 75±90% of transcripts in most cell types (48) . A purine-rich sequence extends from ±39 to ±61 relative to the P2 start site and overlaps the binding sites of transcription factors, such as Sp1/Sp3, MAZ, Ets, E2F and Stat 3 (65±70). This region is required for transcription of both human and murine c-myc genes (66, 71, 72) . TFOs directed to this polypurine sequence were found to inhibit binding of transcription activating factors, c-myc transcription in vitro and promoter activity in cells (57, 58) . Furthermore, an antiparallel 23mer GT TFO directed to this sequence inhibited c-myc expression and proliferation of cells that expressed high levels of the gene (59, 60) . For the present study, an 11mer GT TFO (dauno-GT11) directed to the 3¢ portion of the polypurine sequence was synthesized and conjugated to daunomycin. The 11 bp homopurine target sequence (GGAGGGAGGGA) was optimal for triplex formation in the antiparallel motif (59, 60, 62) . However, the complex formed by the unmodi®ed 11mer TFO was unstable at physiological temperatures, thereby offering an ideal system for testing the effects of daunomycin on triplex stability. As shown in Figure 1B , the oligonucleotides, synthesized with a phosphodiester backbone, were covalently linked via a hexamethylene bridge to the O-4 position on the ring D of a daunomycin molecule. Oligonucleotides were also modi®ed at the 3¢ end by addition of a propanediol tail to increase nuclease resistance (61) . A second oligonucleotide (dauno-CO11) with similar sequence was synthesized and conjugated to daunomycin. Dauno-CO11 matched in parallel orientation a sequence in the 5¢ portion of the 23 bp target sequence (Fig. 1A) . However, like the non-conjugated CO11, dauno-CO11 was unable to bind to a signi®cant extent to the target duplex in physiological conditions (see below). Therefore, dauno-CO11 was used as a control oligonucleotide to assess the speci®city of the effects of dauno-GT11 both in vitro and in cells.
Binding af®nity and stability of triplex DNA formed by daunomycin-conjugated TFO Binding of daunomycin-conjugated and non-conjugated oligonucleotides to the target sequence was assessed by gel shift assays. In all these experiments radiolabeled duplex DNA was mixed with increasing concentrations of third strand oligonucleotide and incubated at 37°C for 18 h. Binding was then examined by gel electrophoresis under non-denaturating conditions. Electrophoresis was ®rst carried out under the most common assay conditions, which we use routinely, to examine triplex DNA formation: i.e. gel temperature maintained at 20°C or room temperature (57±60). As shown in Figure 2A , we could not detect triplex formation with the unmodi®ed GT11 in these conditions. This was not due to the inability of GT11 to bind to the duplex DNA. In agreement with our previous data (62), triplex DNA formation was clearly seen with this TFO, when electrophoresis was done at a lower gel temperature (10°C) following the overnight incubation at 37°C (Fig. 2C) . We attributed this to the instability of the triple helical complex formed by the unmodi®ed oligonucleotide during the electrophoresis and reasoned that addition of an intercalating agent, such as daunomycin, might increase triplex stability and the likelihood that it would persist at physiological or near physiological temperature. As shown in Figure 2B , triplex DNA was detected as a distinct band in the autoradiogram following overnight incubation of the target duplex at 37°C with concentrations of dauno-GT11 as low as 100 nM. Approximately 50% of triplex DNA was seen at concentrations between 250 and 500 nM of dauno-GT11 (i.e. 250±500-fold molar excess compared to target DNA). Thus, the 11mer daunomycin-conjugated TFO had an af®nity for the target sequence comparable to that of the longer TFOs directed to the P2 site that had been tested previously under similar conditions (57±60). Triplex DNA formed by dauno-GT11 was clearly more stable than the triplex formed by the unmodi®ed GT11, since it persisted when electrophoresis was carried not only at 20°C (Fig. 2B ) but also at 37°C (see Fig. 3 below) . Even the 23mer GT TFO formed a triplex that was partially unstable under these conditions (59) . As shown in Figure 2D , incubation of duplex DNA with 0.5±2 mM of dauno-CO11 produced a shift of <5% of the target. The limited binding of dauno-CO11 was in agreement with the presence of a matching sequence in the cmyc promoter fragment (62) . The complex formed by dauno-CO11 was highly unstable and almost completely dissociated when electrophoresis was carried out at 37°C (see Fig. 3 below). Thus, unlike dauno-GT11, dauno-CO11 bound less and very weakly to the target duplex. Taken together, these results indicated that daunomycin enhanced binding of the TFO by increasing triplex stability, but binding was clearly dependent on the sequence of the oligonucleotide and the matching target.
To con®rm that the daunomycin conjugated to the TFO intercalated at the duplex±triplex junction and was important for stabilization of the triplex, we performed additional assays using a shorter DNA duplex as target. The 23 bp duplex lacked any¯anking sequence 3¢ to the GT11 binding site (see Fig. 1A ). In this case, because of the loss of a suitable intercalation site, the presence of daunomycin should not affect the stability of the triplex formed by dauno-GT11. As shown in Figure 2E , binding of dauno-GT11 to the 23 bp duplex was considerably reduced compared to the 28 bp duplex. Less than 10% of the target was bound at 500 nM of TFO, a concentration that gave more than 50% binding on the 28 bp duplex. These data strongly suggested that increased stability of the triplex formed by dauno-GT11 depended upon the intercalation of daunomycin at the duplex±triplex junction. Binding was signi®cantly reduced but not completely abolished probably because of the persistence of some favorable stacking interactions between the anthraquinone moiety and the duplex. We also examined binding of the daunomycinconjugated oligonucleotides on a 40 bp duplex to rule out that the limited binding of dauno-CO11 was due to the absence of an appropriate¯anking sequence for intercalation of daunomycin in the shorter 28 bp duplex. The longer duplex had 8 and 10 nt¯anking the 3¢ and 5¢ side of the target sequence, respectively (see Fig. 1A ). The results obtained with the 40 bp duplex were identical to those observed with the 28 bp duplex, showing again that dauno-GT11 bound effectively to the target sequence, while dauno-CO11 was unable to bind (Fig. 2F) .
Sequence-speci®c recognition of target DNA by the daunomycin-conjugated TFO To provide evidence that binding of dauno-GT11 required the presence of perfectly matching sequence in the target duplex, we determined by gel shift assay whether dauno-GT11 was able to bind to a duplex in which the 11 bp target sequence had been mutated. As indicated in Figure 1 , the mutated duplex contained four mismatched bases in the center of the target sequence. The presence of these centrally located mismatches would be highly destabilizing for binding of the oligonucleotide, but would not affect intercalation of daunomycin. Wildtype and mutated duplexes were incubated with the oligonucleotides overnight at 37°C and binding was analyzed by gel electrophoresis at 37°C. As shown in Figure 3A , under these conditions dauno-GT11 was clearly able to form triplex DNA with the wild-type duplex, while it was unable to bind to the mutated duplex even at a concentration of 5 mM. Dauno-CO11 did not bind to either duplex. This indicated that binding required the intact target sequence and the presence of daunomycin did not affect the discriminating power of the daunomycin-conjugated TFOs. DMS footprinting was used to further examine the triplex-forming ability and sequencespeci®city of dauno-GT11. Although far from the complexity of the intracellular environment and genomic DNA, the footprinting assay is a more stringent test of the ability of a TFO to recognize and bind to a speci®c sequence in DNA than gel shift assays. In this study, a 339 bp fragment of the c-myc promoter was end-labeled and incubated without or with dauno-GT11 and dauno-CO11 at 37°C overnight. Following this incubation, binding reactions were treated with DMS and piperidine. Triplex formation with almost complete protection of the 11 bp target sequence was observed in samples incubated with 1 and 10 mM of dauno-GT11, whereas no protection was seen in the presence of equal concentrations of dauno-CO11 (Fig. 3B) . The extent of protection achieved with dauno-GT11 was determined by densitometric analysis. More than 90% of the target DNA was protected in the presence of 1 and 10 mM of dauno-GT11, again indicating high binding af®nity of the short daunomycin-conjugated TFO. It is worth noting that a similar degree of protection was achieved only with concentrations b10 mM of the 23mer GT-TFO under identical conditions (60) . The interaction of dauno-GT11 with duplex DNA was highly sequence-speci®c. Protection was seen exclusively in correspondence with the 11 bp target sequence and no other region of the 339 bp fragment showed any alteration of the DMS cleavage pattern. This is remarkable since the c-myc promoter fragment used for footprinting contained at least two additional sites (GAACGGAGGGA and AGAGGGAGCGA), which differ only at two positions from the target sequence and, thus, could have allowed binding of the TFO. Binding speci®city of the daunomycinconjugated oligonucleotides was also demonstrated by the absence of interaction of dauno-CO11 with the 339 bp fragment. Thus, footprinting studies provided direct evidence that binding of daunomycin-conjugated TFOs depended strictly on the nucleotide sequence and was limited to the speci®c target site. Figure 1. (B) A 32 P-end-labeled 339 bp fragment of the c-myc promoter was incubated with or without dauno-GT11 and dauno-CO11 for 18 h at 37°C. DNA was then treated with DMS and piperidine to cleave unprotected guanines and samples were analyzed by gel electrophoresis under denaturating conditions. The position of the 11 nt target sequence is shown. (C) The p1388-Myc (top) and the pGL3control plasmid (bottom), which contained the SV40 promoter, were incubated without or with 2.5 mM of dauno-GT11 and dauno-CO11 for 18 h at 37°C. HeLa cell nuclear extract was added and samples were incubated for 1 h at 30°C. Following phenol/chloroform extraction and ethanol precipitation, samples were subjected to primer extension with a 32 P-labeled primer. A radiolabeled internal control RNA (i.c.) was added to monitor sample recovery throughout the procedure. Samples were analyzed on a denaturating polyacrylamide gel. The positions of the transcripts generated from the c-myc and the SV40 promoter, respectively, are indicated.
Inhibition of transcription initiation by daunomycinconjugated TFO in a cell-free system
Dauno-GT11 is directed to a sequence in the c-myc promoter known to regulate transcription of the gene. To determine whether the dauno-TFO was able to inhibit transcription, we examined its effects in an in vitro transcription assay using cmyc reporter constructs as template. The p1388-Myc plasmid was incubated without and with dauno-GT11 or dauno-CO11 overnight at 37°C under conditions that allowed triplex DNA formation. Oligonucleotides were present in the binding reactions at a concentration of 2.5 mM (approximately equivalent to a 500-fold molar excess compared to template DNA). HeLa cell nuclear extract was added to the samples that were further incubated for 1 h at 30°C. RNA transcripts from the P2 promoter were detected by primer extension and gel electrophoresis (Fig. 3C, top) . In the presence of dauno-GT11, transcription was reduced more than 50% compared to control samples. The control oligonucleotide dauno-CO11, which failed to form a stable triplex as documented by gel shift and DMS footprinting, had no effect on transcription. Similar results were observed when the p262-Myc plasmid was used as template in the assay (data not shown). Both dauno-GT11 and dauno-CO11 did not affect transcription from the SV40 promoter of the PGL3control vector (Fig. 3C, bottom) . These results supported the conclusion that sequence-speci®c triplex formation at the c-myc promoter site by the daunomycinconjugated TFO resulted in transcription inhibition and ruled out alternative decoy mechanisms.
Cellular uptake of the daunomycin-conjugated TFO
Prior to investigating the biological activity of dauno-GT11, we wanted to determine whether the presence of daunomycin had any effect on cellular uptake and intracellular distribution of the oligonucleotide. Because of the presence of the anthraquinone chromophore, uptake of the daunomycinconjugated TFO could be examined by¯ow cytometry and uorescence microscopy. The intensity and distribution of uorescence signals in MCF-7 cells incubated with 0.2 and 1 mM of dauno-GT11 or daunomycin was ®rst examined bȳ ow cytometry. As shown in Figure 4 ,~24% of cells incubated with 0.2 mM of dauno-GT11 exhibited¯uorescence signals above background levels compared to 62% of cells incubated with the same concentration of daunomycin. A higher percentage of cells took up daunomycin and dauno-GT11 at 1 mM (99 and 80%, respectively). However, at this concentration the mean¯uorescence intensity in cells incubated with dauno-GT11 was only a third of that in cells incubated with daunomycin (16 versus 44) . Similar data were obtained in three separate experiments, which con®rmed that 3-fold less daunomycin-conjugated oligonucleotide was taken up by the cells compared to free daunomycin. Thus, these results suggest a differential uptake of dauno-GT11 and daunomycin, with a decreased ability of the oligonucleotide to enter cells compared to free drug. Intracellular distribution of the daunomycin-conjugated TFO was also examined bȳ uorescence microscopy. MCF-7 cells were incubated with 1 mM of daunomycin or dauno-GT11 for 6 h, washed and examined under a¯uorescence microscope. As shown in Figure 4B , daunomycin and dauno-GT11 localized to distinct cellular compartments. Daunomycin was predominantly nuclear, whereas dauno-GT11 was localized primarily in the cytoplasm. When MCF-7 cells incubated with dauno-GT11 were examined after 18 h, the¯uorescence was still mainly in the cytoplasm with a very limited amount in nuclear and perinuclear foci (data not shown). Previous studies have shown that anthracyclines, such as daunomycin, accumulate rapidly in the nucleus and to a minor extent in cytoplasmic organelles (63) . In contrast, oligonucleotides are known to accumulate initially in endosomes and localize only later to the nucleus after being released in the cytoplasm (73) . Thus, our results suggest that the oligonucleotide component, rather than the anthracycline moiety, determine both cellular uptake and intracellular traf®cking of dauno-GT11. Based on these ®ndings, we examined next whether a cationic lipid, such as DOTAP, which is commonly used to improve delivery of oligonucleotides into cells, could increase intracellular accumulation of dauno-GT11. As shown in Figure 5A , the mean uorescence intensity determined by¯ow cytometry 24 h post-transfection of DU145 cells with 0.5 mM of dauno-GT11 was~2-fold higher with TFO delivered with DOTAP compared to TFO alone (27 versus 17) . Also a higher percentage of cells took up the oligonucleotide when it was delivered with DOTAP (95 versus 75%). Fluorescence microscopy con®rmed that overall¯uorescence intensity was higher in cells incubated with TFO and DOTAP compared to TFO alone (Fig. 5A) . Furthermore, when delivered as a complex with DOTAP, dauno-GT11 became concentrated in intenselȳ uorescent foci with greater staining of nuclear and perinuclear regions compared to TFO alone (Fig. 5B) . These results con®rmed that cationic lipid-mediated uptake produced a larger intracellular pool of dauno-GT11 with a corresponding increase in nuclear accumulation.
Inhibition of c-myc promoter activity by daunomycinconjugated TFO in cells
To determine whether the dauno-GT11 was able to affect transcription in cells, we investigated its effects on c-myc promoter activity using luciferase reporter plasmids, in which the ®re¯y luciferase gene had been put under the control of the P1 and P2 promoters or the P2 promoter alone (see Fig. 1A ). The pGL3-Myc reporter plasmids were transfected along with a control vector and either dauno-GT11 or dauno-CO11 in prostate and breast cancer cells. Oligonucleotides were present in the medium during transfection at concentrations of 0.25±1 mM. These concentrations corresponded approximately to a 500-and 2000-fold molar excess of oligonucleotide relative to the reporter plasmid. After 24 h, luciferase activity was measured in extracts of control and oligonucleotide-treated cells. As shown in Figure 6A , incubation of DU145 cells with dauno-GT11 resulted in a signi®cant reduction of the activity of the p1388-Myc reporter, which contained both P1 and P2 promoters, compared to cells incubated with identical concentrations of dauno-CO11. Inhibition of c-myc promoter activity by the TFO was dose-dependent with~30,~50 and 60% reduction at 0.25, 0.5 and 1 mM, respectively. To ensure that the effects of the TFO were due to a block of transcription from the P2 promoter, similar studies were repeated with the p262-Myc reporter construct. This reporter plasmid contained only the P2 promoter and the immediate upstream region that included the homopurine sequence targeted by dauno-GT11. Activity of the p262-Myc reporter in DU145 cells was inhibited by dauno-GT11 to a degree similar to that of the p1388-Myc reporter (Fig. 6B) . Similar results were obtained with both reporter vectors in MCF-7 and MDA-231 breast cancer cells. Data with the p262-Myc reporter are shown in Figure 6C and D. It should be noted that dauno-CO11, which was directed to a site in the c-myc promoter and was potentially capable of forming triplex DNA, did not inhibit the activity of the reporter constructs in these assays. This was consistent with the fact that binding of this short oligonucleotide was unstable in physiological conditions even after conjugation with daunomycin and conversely suggested that the effects of dauno-GT11 were sequence-speci®c and not due to the cationic lipid-mediated delivery of daunomycin into cells. To further rule out other non-triplex-mediated mechanisms of inhibition of c-myc promoter activity, such as a decoylike mechanism, we synthesized an oligonucleotide, dauno-GT11C, which had the same sequence of GT11 but was conjugated to the amino sugar instead of the aglycone moiety of daunomycin (Fig. 7A) . As shown previously, this mode of attachment should eliminate any stabilizing contribution of daunomycin to the triple helix formed by the oligonucleotide (45) . Gel shift assays con®rmed our prediction, showing no binding of dauno-GT11C, which essentially acted similar to the non-conjugated GT11, in physiological conditions (Fig. 7B) . As shown in Figure 7C , luciferase reporter assays demonstrated that dauno-GT11C was unable to inhibit c-myc promoter activity in cells, consistent with its inability to form stable triplex DNA. Taken together, these results strongly con®rm that inhibition of c-myc promoter activity by dauno-GT11 required triplex formation and ruled out alternative sequence-and non-sequence-speci®c mechanisms that might be responsible for the biological effects of the daunomycinconjugated TFO.
Dauno-GT11 inhibits endogenous c-myc gene expression
Dauno-GT11 inhibited in vitro transcription and promoter activity in cells suggesting that it could form a stable triplex complex with the targeted sequence and inhibit transcription of the endogenous c-myc gene in cells. To investigate this aspect, dauno-GT11 was delivered into DU145 cells using DOTAP. The level of c-myc RNA was then determined by RT±PCR. At 24 h post-transfection, c-myc RNA was reduced 70% in cells treated with 1 mM dauno-GT11 compared to untreated and control oligonucleotide-treated cells (Fig. 8A) . To con®rm that reduction of c-myc transcription would result in a lower level of c-myc protein, we performed western blot analysis. As shown in Figure 8B , c-myc protein level was reduced in cells treated with dauno-GT11 compared to control cells (~40 and~75% at 0.5 and 1 mM, respectively). The control oligonucleotide had no effect on c-myc expression. In addition, we measured ets-1 and ets-2 protein expression level in cells treated with dauno-GT11 (Fig. 8B ). Both ets-1 and ets-2 have promoter elements with signi®cant sequence and functional similarity to the site in the c-myc gene targeted by dauno-GT11. The ets-2 promoter has a sequence (GGAAGGAGGGA) corresponding to a critical Sp1 binding site with a single mismatch (underlined base) compared to the c-myc site (64) . The ets-1 gene has also in its promoter a similar sequence (AGAGGGAGGGA) with a single mismatch nucleotide (underlined base) compared to the c-myc site and adjacent to an Sp1 site (74) . Expression of both ets-1and ets-2 was not affected by dauno-GT11, suggesting that the antigene activity of the daunomycin-conjugated oligonucleotide was selective for the targeted sequence and gene.
DISCUSSION
Covalent attachment of a non-sequence-speci®c DNA-intercalating agent, such as acridine and psoralen, to a TFO has been shown to be a useful approach to stabilize the triple helical complex. We have explored the possibility of increasing DNA binding and antigene activity of TFOs by linking the oligonucleotide to an anthracycline moiety. Anthracyclines may represent an alternative to the more commonly used acridine and psoralen derivatives and may offer additional advantages due to their complex mode of interaction with DNA. Attachment of an anthraquinone aglycone or an intact daunomycin molecule to a parallel CT TFO was previously shown to lead to a signi®cant increase in triplex stability (45) . We now provide evidence that this approach works also in the context of an antiparallel triple helix formed by a GT TFO and in physiological pH and temperature conditions. Moreover, our study provides the ®rst evidence that daunomycinconjugated TFOs are active as antigene compounds in cells. The activity of the dauno-GT TFO, both in vitro and in cells, was consistent with a triplex-mediated mechanism and was observed at relatively low oligonucleotide concentrations.
Using gel mobility shift assays we found that both conjugated and non-conjugated 11mer GT TFOs were able to bind the target duplex following overnight incubation at 37°C. However, there was a considerable increase in stability of the triplex formed by GT11 upon conjugation with daunomycin. The complex formed by the unmodi®ed GT11 was not stable during electrophoresis at 20°C ( Fig. 2A) , while the triplex DNA formed by dauno-GT11 was clearly stable at gel temperatures of both 20 ( Fig. 2B) and 37°C (Fig. 3A) . This was consistent with the observations made in the previous study with daunomycin-conjugated CT TFOs (45) . The T m of triplex formed with a modi®ed TFO was~23°C higher (increasing from 13 to 36°C) than that of the unmodi®ed TFO at pH 6.8, and was >55°C at pH 5.5. Together with our present data, these results indicate that anthracyclines can have a stabilizing effect on TFOs binding both in the parallel and antiparallel orientation. The potency of daunomycin as DNA binding agent and the high degree of stability conferred to triplex DNA upon conjugation to a TFO can be explained by its mode of interaction with double-stranded DNA. Virtually every part of a daunomycin molecule, particularly the anthraquinone and the amino sugar, is in contact with DNA at the binding site. The design of the daunomycin-conjugated TFOs took this into account and tried to increase the opportunity for cooperative binding. Attachment of the TFO to position O4 of the anthraquinone preserved the orientation of the intercalating moiety in the double helix and maintained the oligonucleotide and the amino sugar in the major and minor groove, respectively (45) . Indeed, modifying the site of attachment, as we did with the dauno-GT11C, eliminated completely any triplex stabilizing effect of the anthracycline. Daunomycin-conjugated TFOs can be seen as DNA ligands optimized for binding to homopurine sequence in doublestranded DNA. On the other hand, TFOs do not bind to singlestranded oligonucleotides containing the target sequence and anthracyclines do not bind signi®cantly to single-and doublestranded RNA. Thus, conjugation with daunomycin should not increase the likelihood of undesired binding of TFOs to nucleic acids other than double-stranded DNA.
Attachment of a non-sequence-speci®c DNA binding agent could affect the speci®city of the interaction of the TFO with its duplex DNA target. Previous studies indicated that binding of acridine-and psoralen-conjugated TFOs was highly sequence-speci®c even in the presence of these potent DNA intercalators. In a previous study, random intercalation of daunomycin-conjugated TFOs was excluded by¯uorescence quenching experiments (45) . Intercalation and quenching of the chromophore occurred only when the DNA contained the appropriate target sequence, thus proving that site recognition and binding were dictated exclusively by the oligonucleotide component of the intercalator-TFO conjugate. Here, we addressed this issue by performing footprinting studies and showed that dauno-GT11 was able to bind exclusively to its unique target sequence in the c-myc promoter. Dauno-GT11 was also able to discriminate against targets that contained a limited number of mismatched nucleotides and thus could serve as alternative binding sites. Gel shift assays also con®rmed the inability of dauno-GT11 to bind to duplex DNA, in which the 11 bp target sequence had been mutated. As was proposed for acridine-and psoralen-linked TFOs, it is possible that random intercalation of daunomycin into DNA is abolished by the presence of the TFO. Repulsion between the oligonucleotide tail attached to the daunomycin and doublestranded DNA might prevent intercalation at sites that do not present the complementary target sequence. Therefore, binding of the intercalator would take place only at those sites where the TFO ®nds the matching target sequence.
The increased stability of the triple helical complex formed by daunomycin-conjugated TFOs suggests that these compounds might be used to target even relatively short homopurine sequences in genomic DNA. This might considerably increase the number of potential target sites for triplex formation and expand the applications of the triplex-mediated gene targeting strategy. In agreement with this hypothesis, dauno-GT11 was able to inhibit c-myc transcription in vitro and promoter activity in prostate and breast cancer cells. These effects were not observed with daunomycin-conjugated control oligonucleotides and were not associated with general toxicity associated with equimolar concentrations of daunomycin. In addition, experiments with dauno-GT11C, a daunomycin-conjugated oligonucleotide with the GT11 sequence but unable to form triplex DNA, demonstrated that the effects of dauno-GT11 on the c-myc promoter could not be attributed to a decoy-like mechanism (e.g. trapping of transcription activators, such as Sp1, required for c-myc promoter activity). We further demonstrated the ability of dauno-GT11 to block transcription of the endogenous c-myc gene in prostate cancer cells, which indicated that the TFO could reach its target sequence in chromosomal DNA. Expression of genes, such as ets-1 and ets-2, which had very similar sequences in their promoters with only single mismatches compared to the c-myc target, was not affected by dauno-GT11, suggesting that the antigene activity of daunomycin-conjugated TFO was also selective for the targeted gene. Thus, in the present study, we provide indirect evidence of the ability of dauno-GT11 to form triplex DNA
under physiological conditions and in cells (i.e. inhibition of promoter activity in vitro and in cells, inhibition of the endogenous gene expression, and absence of activity of an identical oligonucleotide unable to form a stable triplex). In the absence of direct evidence of triplex formation in cells, however, we cannot exclude conclusively that other mechanisms, although unlikely, are involved. In line with our data, ef®cient and selective targeting of a homopurine site in a chromosomal reporter gene was recently achieved using a 10mer TFO synthesized with cationic phosphoroamidate linkages to increase binding af®nity (75) . However, one must consider that short TFOs, like dauno-GT11, might not be optimal if one wants to achieve truly gene-speci®c inhibition of transcription in cells. The shorter the target sequence, the higher the probability that other genes might have identical sequences. Longer oligonucleotides of at least 16±20 nt in length would be more likely to achieve selective gene targeting.
In general, the greater stability of triplex DNA achieved with the addition of an intercalating agent should translate into increased half-life of the triple helical complex and biological activity of a TFO in cells. The gain in triplex stability obtained by conjugation with daunomycin would certainly be important when the objective is to inhibit transcription at the initiation or elongation stage by preventing either formation or progression of the transcription complex. Alternative mechanisms of gene repression might also operate in the case of daunomycinconjugated TFOs. The presence of the intercalating agent might induce bending or distortion of the DNA and alter chromatin structure. Other possibilities due to the presence of the daunomycin moiety are recruitment of DNA topoisomerase II and DNA repair enzymes, which could result in cleavage of DNA and/or induction of mutations in the targeted gene. Indeed, conjugation of topoisomerase-interactive compounds to TFOs could be used to direct the DNA cleaving activity of these enzymes to speci®c genomic targets (76, 77) . Future studies will evaluate further the mechanisms of antigene activity and the pharmacological properties of daunomycin-conjugated TFOs. Novel antigene-based cancer therapeutics could be developed using this approach.
